In-sewer defects are directly responsible for affecting the performance of sewer systems.
INTRODUCTION
The hydraulic performance of a sewer system is affected by the operational and structural condition of its assets (Saegrov ). Currently however, structural in-sewer defects are not incorporated in model based assessments of pluvial flooding due to lack of knowledge and data. As a result, the level of serviceability is likely to be overestimated.
A common approach for assessing pluvial flooding is often based on hydraulic simulations using single storm events. However, the return period of rainfall events and resulting flooding differs. Consequently, detailed flood frequency analyses require long-term rainfall series (Kruger ).
This paper addresses the impact of the internal structural condition of sewers on urban pluvial flooding in two catchments with different characteristics. The studied insewer defects include root intrusion, surface damage, attached and settled deposits and sedimentation. The analysis is based on Monte Carlo simulations with a full hydrodynamic model of the sewer system using a measured rainfall series of 10 years and field observations of in-sewer defects.
DATA COLLECTION
Monte Carlo simulations were applied to systematically study the variation of flooding impacts (frequencies, volumes, etc.) due to structural in-sewer defects using a detailed InfoWorks model of the sewer system. Realistic ranges for the inputs of the Monte Carlo simulations were based on the results of both visual inspections and expert knowledge. Netherlands) and 'Loenen' (Apeldoorn, The Netherlands). The first catchment is the primary research area. The characteristics of both catchments are summarised in Table 1 . The layout of the sewer systems is presented in Figure 1 .
Field observations of in-sewer defects
Visual inspections were carried out in both systems to collect information on in-sewer defects. The inspection of the internal structural condition was carried out by CCTV (closed circuit television) from within the sewer. The observations of in-sewer defects were recorded using a uniform classification system (NEN-EN 13508-2; NEN 3399) . In this study, the following defects were taken into account: root intrusion, surface damage and attached and settled deposits.
In the 'Professor Fuchslaan' catchment, inspection was carried out in 28% (7.6 km) of the total sewer length. Approximately 34% of inspected conduits showed in-sewer defects. In the 'Loenen' catchment, 30% (3.8 km) of the sewer system was inspected showing defects in 82% of the inspected conduits. Figure 1 presents an overview of the inspected conduits (bold lines). Observed defects were translated into the parameters of the hydrodynamic models. The parameter values account for critical pipes with respect to the above-mentioned defects.
Field observations of sediment depths
Despite recent developments in prediction methods, the ability of hydraulic models to predict sedimentation behaviour and the risk of sediment accumulation in a sewer section is still limited (e.g. Gérard In Utrecht, sediment depths were registered by the cleaning engineers before jetting individual pipes while carrying out the annual cleaning program. Sediments were defined in this study as deposits that can be removed from a pipe by jetting. Attached deposits that had to be removed by other techniques and could only be detected by detailed visual inspection of sewer pipes, were considered as pipe roughness. Sediment depths were classified according to the percentage of obstructed pipe height. Observed sediment depths were not objective but depended on the cleaning engineers' experience and opinion (Dirksen & Clemens ; Korving ) . Before jetting an individual pipe the cleaning engineer made an estimation of the sediment depth as could be seen from ground level after opening the manhole. After jetting the pipe, the removed amount of sediment for each pipe was estimated as well. Both values were compared prior to adding them to the database.
In the 'Professor Fuchslaan' catchment, sediment depths were estimated and registered. In addition, in the complete sewer system of Utrecht, sediment depths were estimated and registered. These data were also used in the analysis of the 'Professor Fuchslaan' catchment. The total data set includes 28% of the sewer pipes in the sewer system of Utrecht. This means 10,735 sewer pipes. The Wilcoxon rank sum test was used to compare the sets from 'Professor Fuchslaan' and Utrecht. This comparison showed no significant differences between the two data sets. Therefore, it was concluded that both data sets could be used for the uncertainty analysis. Observed sediment depths were translated into model parameters. Uncertainty of observed depths was accounted for by choosing class ranges of 10%.
MONTE CARLO SIMULATIONS
Monte Carlo simulations were applied to systematically study the impact of in-sewer defects on variation of flood frequencies, locations, volumes and threshold values. Simulations were performed with detailed InfoWorks models of both sewer systems. These models have been validated to eliminate systematic errors in the model according to the method described by Van Mameren & Clemens (), Clemens () and Stichting RIONED (). This implies that structural and geometrical data, ground levels, pumping capacities, etc. were verified in the field and that a comparison has been made between complaints and location in which the model predicts flooding.
In order to incorporate the in-sewer defects in the hydrodynamic models, they were translated into the following model parameters:
• Type 1: hydraulic roughness to account for root intrusion, surface damage, attached and settled deposits.
• Type 2: sediment depths to account for sedimentation.
Model parameters
Both types of model parameters were characterised by a probability distribution. The type of probability distribution and the mean values and standard deviations of the parameters were mainly based on the field observations of insewer defects and sediment depths. Hydraulic roughness was described with a lognormal distribution, sediment depths with a beta distribution.
The choice of the lognormal distribution for describing roughness is based on expert judgement. It is assumed that the distribution of roughness is skewed, i.e. it is left-truncated because values below zero are impossible and it has a tail to the right. Due to lack of field observations this assumption could not be checked. The parameters of the lognormal distribution have been estimated with the Maximum Likelihood method. The choice of the beta distribution for sediment depth is based on field observations from both the 'Professor Fuchslaan' catchment and the complete sewer system of Utrecht. Using both chisquare and Kolmogorov-Smirnov tests an appropriate distribution type has been selected. The parameters of the beta distribution have been estimated with the Maximum Likelihood method.
Hydraulic roughness
Based on the results of the visual inspections, critical pipes with increased sensitivity for defects affecting hydraulic roughness were determined. Inspected pipes with the following defect codes were considered critical: surface damage (BAF), roots (BBA), attached deposits (BBB), settled deposits (BBC) and other obstacles (BBE). The location of critical pipes in the model was determined by drawing from a uniform distribution on the interval 0 to 1. Conduits with values smaller than the observed percentage (34% for the 'Professor Fuchslaan' catchment and 82% for the 'Loenen' catchment) of critical pipes were labelled as critical.
The Colebrook-White equation for hydraulic roughness was used in combination with the Nikuradse roughness (Nikuradse ). In the Monte Carlo simulations the roughness of non-critical pipes was equal to 3.0 mm according to the Dutch standards (Stichting RIONED ) . This value also accounts for local head losses due to manholes. In case of critical pipes the roughness was characterised using a shifted lognormal distribution,
where μ is the mean value, σ is the standard deviation and c is the location or shift parameter. The parameters of the distribution areas follows: mean value of 6.0 mm, minimum of 3.0 mm (i.e. shift parameter) and standard deviation of 5.0 mm. For each critical pipe a value for hydraulic roughness was drawn from this distribution.
Sediment depths
The observed sediment depths were registered as relative sediment depths (ratio of observed depth and conduit height). These depths were translated to model parameters as follows. For each pipe shape (circular, egg) and dimension class, a distribution function was fitted on the observed sediment depths (10,735 observed depths). To characterise the distribution of sediment depths a beta distribution with parameters a and b was applied which is defined on the interval between 0 and 1,
where Γ(a) is the gamma function which is defined as,
In the Monte Carlo simulations the relative sediment depth of pipes was drawn from the corresponding beta distribution. The values of a and b of the beta distribution for each combination of pipe shape and dimension class are shown in Table 2 .
Simulations
In The Netherlands, the common approach to assess pluvial flooding is based on hydraulic simulations using predefined storm events with a specific return period based on rainfall statistics (Stichting RIONED ; Van Mameren & Clemens ). According to Kruger (), these predefined storm events are insufficient for detailed flood frequency analysis because the information on peak intensities is limited and the return period of storms and resulting flood events is different. Due to the random changes in the characteristics of the network in each Monte Carlo run, it is impossible to predict beforehand which storm events will lead to flooding. This especially holds for the (partly) branched sewer system in Loenen. Therefore, in the Monte Carlo simulations, long-term rainfall series are used. This series was observed by the Royal Dutch Meteorological Institute in De Bilt during the period 1955-1964.
As Monte Carlo simulation is very time consuming, calculation time was reduced using a parallel computing approach. For that purpose, a cluster comprising 20 PCs was used. To reduce calculation time further, the measured rainfall series were filtered. This filter is based on in-sewer storage volume, pumping capacity and length of dry period between two storm events. This resulted in a collection of 322 independent storm events for catchment 'Professor Fuchslaan' and 572 events for catchment 'Loenen'. One single run in the Monte Carlo procedure was defined as the hydraulic simulation of the complete collection of independent storm events (either 322 or 572 events).
As the main focus was to obtain estimates of mean and variance of flood frequencies and volumes, a limited number of simulations in the Monte Carlo procedure were allowed (Clemens ) . In order to get reliable estimates of mean and variance, 750 runs have been performed. The results show that this number of runs is sufficient. The mean and variance of the flooding frequency became stable after 300 to 400 runs.
In the case of both catchments, for sediment depths as well as for hydraulic roughness, separate Monte Carlo simulations were applied (Figure 2) . This led to four Monte Carlo procedures consisting of 750 runs each. Each run had a different set of parameter values for either sediment depths or roughness (i.e. the 'model condition'). In each run, the same set of selected storm events was applied.
In the Monte Carlo simulations regarding roughness, the roughness of each pipe has been determined as follows. For each pipe in the hydraulic model it was determined whether the pipe was critical or not. This task was performed by randomly drawing from a uniform distribution (Figure 2 ). If the pipe was selected as critical, a value for hydraulic roughness was drawn from the shifted lognormal distribution. A non-critical pipe received a hydraulic roughness equal to 3.0 mm.
In the Monte Carlo simulations regarding sediment depths, the sediment depth of each pipe in the hydraulic model depended on pipe shape and pipe dimension. A parameter value for sediment depth has been randomly drawn from the corresponding beta distribution function ( Figure 2) .
The parameter values for roughness and sediment depths were substituted in the InfoWorks model using COM techniques and remained constant during each run. The depth of sediment in the invert of the pipe, reduced the capacity of the pipe by obstructing the flow. This sediment depth represents permanent, consolidated sediment deposits. InfoWorks assumes that the sediment is constant. It does not allow for the erosion or deposition of sediment. The transport of sediment through the system is not modelled (Wallingford Software ).
RESULTS AND DISCUSSION
The variation of flooding impacts on network level due to structural in-sewer defects has been analysed. The outcomes of the Monte Carlo simulations were analysed to study statistical properties, not system changes. This analysis includes the variation in the number of times a water level exceeds ground level across all network manholes, total amount of flooded volumes at all manholes in the network, the total number of threshold exceedances 25 cm below ground level and the total number of flooded manholes. All during the 10 years rainfall series.
Ground level exceedances are defined as the total number of manholes where the calculated water level exceeds the level of the manhole cover during a rainfall event. This means that an exceedance of this level at two different manholes at the same time is counted as two separate ground level exceedances. Flood volume is defined as the calculated water volume on street level due to a flooding event at a specific manhole. A threshold exceedance is defined as an event in which the calculated water level in the sewer system exceeds the threshold level 25 cm below the level of the manhole cover at a specific manhole. This means that an exceedance of this level at two different manholes at the same time is counted as two separate threshold exceedances as well. The number of flooded manholes refers to the sum of the manholes at which the calculated water level exceeds the level of the manhole cover at least one time during the 10 years rainfall series. In this case an exceedance of cover level during the rainfall series is counted as one flooded manhole location.
The overall picture for the 'Professor Fuchslaan' catchment is that the average number of ground level exceedances due to sedimentation is substantially larger than due to increased roughness (Figure 3 ). This finding also holds for calculated flood volumes and exceedances of the threshold level 25 cm below ground level. In addition, the variance due to sedimentation per simulation run is larger than the variance due to roughness.
All calculated ground level exceedances in this catchment prove to be caused by 11 rainfall events in the 10 year series. This applies for the sewer model with in-sewerdefects. Consequently, the average return period of flooding is approximately 1 year. Substantially higher values of ground level exceedances, flood volumes and threshold exceedances in Figure 3 are caused by sedimentation in important connections between sub-catchments. Figure 4 shows the overall picture of the 'Loenen' catchment. The comparison of 'Professor Fuchslaan' and 'Loenen' shows the difference in system response between the flat looped system and the mildly sloping partly branched system. In both catchments the impact of sedimentation on all flooding characteristics is larger than the impact of roughness ( Figure 5 ). The impact of both sedimentation and roughness in the 'Professor Fuchslaan' catchment, however, is larger than in 'Loenen'. This mainly results from the relative flatness of the first catchment. As a result, the number of potentially flooded locations is larger.
For sedimentation, in particular, the variance of all flooding characteristics is substantially larger in 'Loenen' (Figure 5 ). Primarily, because of the partly branched layout of the sewer system in comparison with the looped 'Fuchslaan' system. Low street levels close to the CSO structure and the pumping station also affect calculated flooding impacts. Due to obstructions upstream, in-sewer storage is created leading to less flooding at these locations with lower ground levels. Table 3 shows the impact of roughness and sediment on calculated median values of flooding characteristics (ground level exceedances, number of flooded manholes and volumes) compared with the situation without in-sewer defects. It shows the impact of these model parameters on the median value of calculated results. Roughness in this table includes the following defects: surface damage, roots, attached and settled deposits.
It is concluded that the increase in the total number of ground level exceedances is comparable in both research catchments. The increase of the number of flooded manholes and volumes however, is substantially larger in 'Loenen' than in 'Professor Fuchslaan'. The decrease in the number of ground level exceedances (À1%) in the 'Loenen' catchment in case of roughness is due to higher roughness values upstream in the Monte Carlo simulations. This results in less flooding at downstream locations close to the CSO structure and the pumping station. These downstream locations have relatively low ground levels associated with more frequent flooding in the situation without defects.
CONCLUSIONS AND FURTHER RESEARCH
The objective of this paper is to describe the impact of sewer condition on urban flooding. This impact has been quantified using Monte Carlo simulations on full hydrodynamic models. The statistics of in-sewer defects (root intrusion, surface damage, attached and settled deposits and sedimentation) have been derived from visual inspections in two research catchments. These defects have been translated to specific model parameters (hydraulic roughness and sediment depth).
The analysis of simulation results shows that in-sewer defects significantly affect calculated return periods, flood volumes and threshold exceedances. A comparison with calculated flooding without in-sewer defects shows that the protection level with respect to urban pluvial flooding drastically deteriorates. The results also show that flooding is much more affected by sedimentation than by roughness.
Based on the results so far, the following further research is proposed. For both systems the simulation results will be analysed to determine whether specific sub-catchments are more sensitive to flooding than others. Flood durations will also be researched. Furthermore, in the 'Professor Fuchslaan' catchment a monitoring network is installed to observe the hydraulic behaviour of the system, including all the observed defects. This finding will be compared with the results of the Monte Carlo simulations to study the impact of in-sewer defects on hydrodynamic system behaviour. Information from the complaint register will also be used to compare real and simulated system behaviour.
